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ABSTRACT

This report presents the results obtained during the
first four months of research under Contract NAS 1-4419
aimed at obtaining and evaluating human pilot response data
in single-axis and multi-axis tracking tasks. This work con-
stitutes a follow-on of earlier studies conducted under Con-
tract NAS 1-2582 which are reported in NASA CR-143,

An extensive program of manual control experiments was
carried out by two groups of three subjects each and provided
a comprehensive set of tracking data, with emphasis on ob-
serving the effect of training on subject performance. The
experimental design was formulated to yleld representative
statistical data of the ensemble of operators over a variety
of tracking tasks. Evaluation of the tracking data in the
next report period will complete Tasks 1 and 2 of the study

program,

A series of model matching experiments was conducted
using preliminary tracking data. This study resulted in the
development of an improved parameter optimization criterion
and of techniques for evaluation of tracking data which yield
small higher order parameters. These modeling experiments,
and related analysis of convergence and accuracy of the opti-
mization process, were completed under Tasks 2 and 4 of the
study. Additional analysis will be required in Tasks 5 and 6.

This interim report includes summaries of technical prog-
ress in the above areas, and a program schedule; plus an ap-
pendix of several memoranda in which detailed results and the

conclusions derived therefrom are presented.
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INTRODUCTION

This report summarizes the results of the first phase of the
research program on human pilot models performed under NASA Con-
tract NAS 1-4419 during the four-months period ending 17 March 1965,
The program has the dual objectives of (a) obtaining statistically
meaningful model parameters from a large number of human pilot track-
ing experiments, with emphasis on two-axis studies, and (b) conducting
continued anslysis of model-matching techniques and their computer
implementation as required.

During the report period considerable progress has been made in
both directions. The major accomplishments to date are the follow-
ing:

1) An extensive experimental program of single-axis and two-axis
tracking studies has been formulated and executed,; and data
reduction is in process. Preliminary results are very en-
couraging.

2) Analog computer experiments have led to the development of
an improved error criterion; a better understanding of the
effects of initial conditions and adjustment gain on con-
vergence problems of continuous model matching techniques;
and the identification of certain "singular" cases where
parameters cannot be determined.

3) Analytical investigation has shown that the precision with
which system parameters can be identified is related to the
relative magnitudes of their sensitivity coefficients.

4) An analytical basis for computing approximate values of the
time delay (7) and the coefficient of a third derivative
term (A) has been obtained. In addition, a modified model
matching technique which avoids some of the mathematical
difficulties of the continuous "approximate steepest descent"
method has been developed.

5) Model matching techniques were applied to a study of display
effectiveness. Statistically significant differences were
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obtained between model parameters corresponding to tracking
operations with different displays in cases where no differ-

ences between performance error were observed.

EXPERIMENTAL PROGRAM

The experimental program was formulated in such a way as to yield com-
prehensive data for Tasks 1, 2, and 4 of the contract work statement
(Reference 1). A detailed presentation of the experimental design is
given in Appendix 1.

The experiments include a total of 672 tracking runs of 2-minute
duration, using either one-axis or two-axis control. A total of six
subjects were used. The basic experimental varisbles (in addition to
one- vs. two-axis tracking) were the input spectrum, the break fre-
quency, and the controlled element (plant) time constant. In this way
data were obtained for testing the effects of

a) task difficulty

b) input spectrum

¢) controlled element

d) level of training

upon the parameter values in mathematical models.

All data connected with these tracking runs have been recorded on
magnetic tape. The tracking error and pilot output will be used to
obtain the parameters of a differential equation model (or an equiva-
lent describing function) of the pilot's dynamic response. Model match-
ing by continuous parameter adjustment will be employed on the basis
of the methods developed under contract NAS 1-2582 (see Reference 2).

2.1 Preliminary Training Results

Training runs were completed on the single axis compensatory track-
ing task illustrated in Figure 1. The plant dynamics and the input sig-
nal were varied so as to simulate four tasks of increasing difficulty
where task difficulty was measured in terms of the magnitude of the mean

squared tracking error, ;E. The tasks were defined as follows:

Task 1 2 3 L

£ erad
b sec 0.2 0.2 1.0 1.0

T (sec) 0.3 3.0 0.3 3.0
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where fb is the break frequency of the third order filter used to
generate the input signal r(t) from a Gaussian noise generator; T is
the time constant of the controlled element.

The significance of the level of training is illustrated by
one subject's tracking performance shown in Figure 2 in which the
mean square of the tracking error is plotted as a function of the
number of training runs completed. The effect of training was found
to be most noticeable in Task 4 which was considered the most diffi-
cult of the series. In all tasks the subject's tracking error de-

creased with the progress of training.

Similar data were obtained for all six subjects and will be
included in a subsequent progress report when the effects of training

on model parameters have been evaluated.

An analysis of variance will be applied to all experimental
data to determine the statistical significance level.

DESCRIBING FUNCTION MODELS OF THE HUMAN PILOT

In order to prbvide a basis for comparison with previously pub-
lished models and to provide a standard against which the models of
the new experimental series can be compared, selected runs will be
processed through the STL spectral analysis program. A detailed
description of the program is given in Appendix 2.

Basically, the technique consists of estimating a describing
function for the pilot from the relationship

5, (Jw)
Y (o) = 5

e (1)

where Sry(jm) is the cross spectral density between reference input
and pilot output and er(Jm) is the cross spectral density between

reference input and tracking error.

In order to obtain the ratio (1), analog records of the refer-
ence input r(t), tracking error x(t),and pilot output y(t) are digi-
tized and used as input data to the spectral program. The digital
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Figure 2., Results of Operator Training
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computer first evaluates the cross-correlation functions ¢rx(t) and
¢ry(t), and then obtains the cross spectra by calculating the Fourier
transform of the correlation functions. As a result of two passes
through the program the cross spectra are obtained in the form of
amplitude |S(jw)| abd phase, arg S(jw), as function of frequency.
Then, the amplitude and phase of the pilot's describing function are

obtained from

|5, (Jo)|

lY_(s0)| = (2)
p
|8, (J)]
arg Yp(Jw) = arg Sry(Jm) - arg 5 (Jo) (3)
The resulting velues of amplitude and phase will be plotted vs.
frequencx,and analytic functions of the form
' Kse'Ts (1 + Jle)
Y, (o) = (4)

(1 +J3T,m) (1 + ,jT3a>)

will be fitted to this data by adjustment of the parameters

K, T, Ty, Tp, and T;.

A detailed discussion of run length, sampling frequency, and

confidence limits for the spectral estimates is given in Appendix Z2.

PRELIMINARY MODELING EXPERIMENTS ON HUMAN TRACKING DATA

Model matching experiments were conducted on preliminary human
operator tracking data to explore influence of display character-
istics on tracking performance, and to investigate and improve the
parameter optimization technique in cases where difficulties in the
rate of adjustment)convergence properties and determinacy were en-
countered. A detailed report and analysis is contained in Appen-
dix 3. The humen tracking data used here came from an experimental

series which has been described and evaluated in Appendix 8.
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In summary, the most significant results derived from this study

are the following:

a)

b)

For rapid convergence and improved definition of optimum
model parameters a modified error criterion fz(e, €) was
developed which is more sensitive to parameter variation
from the optimum point without ceausing stability problems
when €, € are large. The criterion function has limited
slope, being essentially an absolute value criterion for
large €, €.

The behavior of the model matcher was studied under condi-
tions where small parameters occurred in the highest order
term of the model equation. Simplified first order models
vere compared with second order models in terms of parameter
definition and model matching accuracy.

Uncontrolled drift in the model parameters (observed in

some cases even with the improved error criterion func-
tion) was traced to critical combinations of system parameters
and the use of very low frequencies of excitation. Means of
detection and possible resolution of such indeterminacies

were explored.

The results of the study required further experimental research on

parameter convergence (see Section 5) and additional analysis which

will be discussed under Section 6 and in Appendices 5 and 7.

CONVERGENCE STUDY OF FIRST-ORDER MODEL PARAMETERS

In order to clarify the effect of adjustment gain and parameter

initial conditions on the convergence properties of the continuous

model matching technique, an extensive experimental study was conducted.
The detailed results of this study are reported in Appendix 4. The pi-

lot's response was assumed to be represented by the first-order equa-
tion (synthetic pilot)

Y +b, ¥y =D, x +-b3 X (5)
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The corresponding model equation is
z2+B 2z =B,%X + 53 x (6)

The continuous model matching technique was used to adjust model

parameters in order to minimize the criterion function
3 2 LI 2
f=(e +ge)” =[ (z-y) +a (z-y) ] (7)

where e is the matching (or output) error. A fixed value of
q = 0.05 was used in this study.

The tracking error from a 2-minute compensatory tracking run
was used as the input signal x(t) for both the system (5) and
model (6). The system parameters b, b,, and b3 were held fixed.

The major conclusions from the experiment were:

a) Repeatability of parameter adjustment could be obtained
only for certain initial conditions.

b) Long term (1 and 2 minute) convergence of the B; to the
corresponding bi cean be obtained with an average accur-
sacy of + 6 percent. If the transfer function corre-
sponding to (5) is written, the new parameters (gain
and time constants) can be determined to an average
accuracy of + U percent.

¢) For short-term (less than 15 sec) convergence, accur-
acies of + 10 percent could be obiained using the
largest possible adjustment gein.

d) The model-matching technique can be used to detect
control reversals, but more research will be required
before the accuracy of such detections can be ascer-
tained.

e) More analytical work is required to obtain general re-
sults on the convergence of model parameters to desired

values, even with simple first-order models.
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ANALYTICAL RESULTS

6.1 Relative Sensitivity of Model Parameters

In order to obtain a clearer understanding of some of the conver-
gence problems outlined under Sections 4 and 5 and in Appendices 3
and 4, additional analytical study was desirable. It was noted above
that convergence of transfer function parameters to correct values was
better than that of differential equation parameters. An analysis
of the corresponding sensitivity factors and their relative magnitude
was made to explain this result on a mathematical basis (see Appendix 5).

It has been shown previously (see Reference 2) that those parame-
ters having the largest relative sensitivity will be defined with the
greatest precision. The present study established the relative magni-
tude of the sensitivity coefficients

oz

1= 28 L3

and

3z dZ

_ , V, = —
aTl 2 BTZ

-1
o~ aKb O
where Kb, T1s and T, are parameters in the transfer function corre-
sponding to the differential equation (6). Analytical expressions
for the sensitivities u

, Vv, and their frequency dependence indicate

that the v1 (transfer finction parameter sensitivities) are at least

an order of magnitude larger than the ug (differential equation parame-
ter sensitivities). This explains the more accurate definition of the
transfer function parameters, particularly of Kb. However, since im-
plementation of the transfer function format requires more computational
equipment than the differential equation form, as well as being limited
to linear models, additional study of this problem is indicated. Wher-
ever feasible, the transfer function form will be used in the remainder

of the program.
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6.2 Approximate Identification of a Missing Time-Delay Term

This study, reported in detail in Appendix 6, was undertaken to
show the feasibility of evaluating a missing reaction time term in a
mathematical model of the form

o0 L4

Z + Q2 + Q2 = a3x(t - 1) (8)

without using the special computing equipment that would be required
to generate time-delay. It was assumed that the (-parameters had
been previously obtained, so that only the T parameter needs to be
computed.

The major conclusions of the analysis are:

a) A missing time delay term T can indeed be computed approxi-
mately without using actual time-delay equipment, by using
linear extrapolation near the solution for 7 = 0.

b) An error analysis based on sinusoidal excitation signals
shows that for time delays of the order of magnitude ex-
pected in compensatory tracking studies (e.g. T =0.15 sec)
and input frequencies below about 3 rad/sec, T can be de-
termined with an accuracy better than 10 percent. In view
of the simplicity of implementation, this is a significant
result. Computer studies in Task 2 will be based on these

results.

The effect of small higher order terms not included in the formu-
lation of the model equation was analyzed, and methods for approximating
the parameters associated with such terms were investigated in detail.
This work is reported in Appendix 7. Similar in scope to the study
discussed in Section 6.2 (Appendix 6) the objective of this analysis was
to provide the means for upgrading model matching accuracy without re-
programming the basic model equation.




4380-6001-RU00O
Page 13

The method consists of s linear extrapolation of the model out-
put vaeriable z in the vicinity of the case A = 0. For example, if
the original model equation programmed on the computer is

io + By 2o = By x(t) (9)

the solution Z, cen be extrapolated to approximate the solution of

AZ+2 4+ B,z = B, x(t) (10)

for non-zero A\. The extrapolation is performed in terms of the
first order sensitivity u = azo/ak, namely

2 Zy 4y ) (11)

for sufficiently small values of A. The method can be readily ex-
tended to model equations of higher order. A mathematical difficulty
due to the change of the order of the model equation for A = 0 and

A #0 exists at time t = 0. However, the singularity of the initial
response z(0) and of its sensitivity Y occurring at A = 0 1s of no
practical concern in the modeling procedure since, in general, the
initial conditions have only & transitory influence on model output.

This study has provided the following major results (see

Annendix 7)-
e -— - V7 -

1. For practical purposes the extrapolation (11) is useful
for reasonably small parameter values A and excitation
frequencies below 5 to 10 rad/sec.

2. The missing parameter A can be approximated with accura-
cies on the order of 10 percent or better under conditions
representative of human pilot dynamic responses. The
approximation accuracy is comparable to the results obtain-
able for a missing time delay term (see Section 6.2).
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3. Computer programs have been devised that include the
higher order term but avoid singularity of the computer

solution for the case A = 0.

6.4 Modified Parameter Optimization Strategy

The continuous model matching technique being used at the present
time suffers from a lack of mathematical precision in the definition
of the gradient components. Appendix 8 describes a modified strategy
vwhich avoids this difficulty by maintaining constant model parameters
and using an open-loop linear extrapolation to compute parameter in-
crements. It is shown that not only is this method mathematically
rigorous, but it shows promise of resulting in an improved rate of con-

vergence and fewer stability problems.

The method is primarily useful in the vicinity of the correct
parameter values, where linear extrapolation produces valid results.
If initial conditions of model parameters are far from their correct
values, several iterative steps may be required to produce convergence.,
The new method has been tested with a known system, but has not been
applied to parameter identification in human operator models. It is
planned to apply this method during future pbases of the program.

EVALUATION OF DISPLAY SENSITIVITY BY HUMAN OPERATOR MODELS

In order to further test the practical application of humen opera-
tor models, a preliminary study was performed to examine the effect of
display characteristics upon the model parameters. The hypothesis be-
ing tested was that changes in display characteristics would affect the
model parameters significantly, even in situations where performance
(as measured by rms tracking error) was not affected significantly.

The detailed description of the experiment is given in Appendix 9.

Two basic experimental conditions were used: (1) Viewing a CRT
display through an eyepiece with a 60° field of view such that an
error signal representing 1° of vehicle motion in pitch subtends a 1°
visual angle at the eye (use of horizon as pitch reference); (2) View-
ing the CRT with the naked eye at a distance of 28 inches (use of arti-

ficial horizon). No significent difference was found between rms
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tracking errors obtained for the two displays. The data was then
analyzed using a first order mathematical model. Significant differ-
ences in model gain (at the 10 percent level of significance) were
observed between the two experimental situations. With the less sensi-
tive display the operator lowered his gain, indicating a lower cross-
over frequency and consequently & more difficult task. A detailed
statistical analysis is given in Appendix 9.

These results are particularly encouraging since the objectives
of the present research program include application of model matching
to tasks related to flight control. This study shows the feasibility
of using human pilot models to provide a quantitative basis for evalua-
tion of proposed displays.

PROGRAM SCHEDULE

The program was initiated with tracking experiments and analytical
studies required under Tasks 1, 2, and 4 of the contract work statement.
Work under Task U4 was performed ahead of Task 3 since the analytical
and experimental results obtainable from Task I are needed to complete
Tasks 1 and 2.

A detailed work program and schedule of milestones is presented
on pages lha and 14b. In the next report period Tasks 1, 2, and b will
be completed and the experimental program of Task 3 (two-axis control
with cross-coupling) will be initiated. Manpower utilization will con-
tinue at a uniform rate of 2.3 MIS per week, with laboratory and tech-
nical support added during periods of increased computational and data
reduction activity.

No major technical problems, manpower problems, or problems in
facility utilization are foreseen. Expenditures are expected to con-
tinue in accordance with the budget forecast transmitted to NASA in
January 1965.
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Note:

START
DATE

March 22
Apr. 12
Apr. 26

May 10

June 7
June 14

June 28

July 12

July 26
Aug. 16

Oct. 11

C ONTRACT TIME SCHEDULE
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Iy ey
el BILS

NAS1-Ll419
March 22 - November 8
TIME TIME DISTRIBUTION
ALLOT'MT Analysis Computer Report
DESCRIPTION (weeks)
Task 1 3 1.5 1.5
Task 2 2 2
Complete Tasks 1 ¢ 2 2 2
(Complete Task &) L 2 2
(Expt. Design B ) 1*
Set up Expt. B 1 1 (AD)
Training runs 2 2 (AD)
(Performance runs 2 2 (ap) *
( Report 2 2
(Complete Report 2; 2 1
(start Task 3 1
*
Complete Task 3 3 2 2
Task 5 L 2 2
Task 6 L 2 2
Final Report =L= m== === =£=
* *
TOTAL 33 9.5 12.5 g

# denotesthat only one MTS will be allotted this time.
All other figures require the participation of two MIS.
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Experimental Design for Tasks 1, 2, and 4 rrom: E. P. Todosiev
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R2 1186 12250

STL Form 180 Rev, 8-62

The experimental study section of the contract work statement will
be performed using two experimental designs. Tasks 1, 2, and 4 will be
covered by the design described below while Tasks 3, 5, and 6 will re-
quire a more complex experimental design which will be formulated later.
Only one experimental design is required for Tasks 1, 2, and 4 as these
tasks are concerned with the dependence of human parameters on task diffi-
culty when the human operator is performing either a single-axis or dual-
axis tracking task.

Training and performance experiments will be performed on two
simulated tracking systems to obtain experimental data for Tasks 1, 2,
and 4. Both experiments will be concerned with compensatory tracking of
a spot on & CRT display where one system is restricted to single-axis
control and the other to two-axis control with symmetrical uncoupled plant
dynamics. Two alternate plant dynamics were chosen from Creer, et al
(Reference 1) to give satisfactory and unsatisfactory performence respec-
tively. Input signals to the systems will be obtained by passing gaussian
noise through a third order filter to obtain a spectrum similar to that
used by Elkind (Reference 2). The input power to the systems will be held
constant at 1" RMS deflection on the CRT display. Experimental runs will
be of 3 minutes duration and only 2 minutes will be scored. The experi-
ment is divided into two major portions: the training experiment, and

the performance experiment.

TRAINING EXPERIMENT
A) System Configurations

o Single-axis control

o Dual-axis control
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Range of Variable Values

1. Input spectrum break frequency (fb)
o 0.2 rad/sec
o 1.0 rad/sec

2. Plant Dynamics

G(s) = —gg—(s) = mg%y

K T
(roll rads/sec) (sec)
alleron rad

5.15 0.3
5.15 3.0
where
_ roll rad/sec
K = TLBa (aileron rad )

of
"

2
)

& saileron angular deflection

roll angular acceleration per unit (roll rad/sec

alleron rad

6, = aileron angular deflection (aileron red)
@ = roll angle (roll rads)
6, = stick angular deflection (stick rads)

6s max. = 20 degrees

The operating gains were chosen from Figure 11 of Reference 1

under the assumption that 63 = 6a'

3. Subjects

Single-axis Dual-axis
3 subjects 3 subjects
(Group 1) (Group 2)

4. Run characteristics

Sessions 5

Replications
per session 4
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Only the fourth replication of each session will be recorded.
A full factorial design will be used and the order of the four ex-
perimental variables will be randomized for each subject and each

session.
c) Summary

System configurations (SC)
Plant dynamics (g)

Filter break frequency (fb)
Subjects (S)

Replication (R) 20

480

w D v D

Totael runs = SC x G x fb XSXR

Total Runs Recorded = Egg = 120

IT. PERFORMANCE EXPERIMENT

The performance experiment will be performed with the same
subjects as in the training experiment and will be conducted as an
extension of the training experiment. All variable values will re-
main the same with the sole exception of the run characteristics
which will consist of only 2 sessions with 4 replications per session.
All runs will be recorded.

Summarz
SC = 2
G=2

fb =2

S =3

R =28
Total Runs = SC x G x fb X SXR= 192
Total Runs Recorded 192

III. ESTIMATED MAGNETIC TAPE AND RUNNING TIME REQUIREMENTS

Tepe Requirements
Total runs to be recorded = 120 + 192 = 312
Tape speed = 3.75"/sec = 18.75 ft/min
One 2-min requires 2 x 18.75 = 37.5 ft
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Allow 50 ft for each run
Total tape footage required = 50 x 312 = 15,600 ft
3600 ft per roll of tape
Number of rolls required = L%ég%9-= 5 rolls

Time Requirements

Total training runs = 480
Total performance runs 192
Total runs required 672

Time per run = 5 min

Total running time = -é—Eaézg—

= 56 hrs

Total down time = 100% = 56 hrs

Actusl time required = 112 hrs = 2.8 weeks

UTILIZATION OF EXPERIMENTAL DATA

The experimental data will be required in Tasks 1, 2 and 4
as follows:

Task 1: Effect of Task Difficulty on Humen Tracking Performance

Analysis of the experimental data with the model-matcher will

yleld the following results:

1) Scaling of task difficulty with respect to input signal
bandwidth and variable plant dynamics where the mean
square tracking error is used as the criterion

2) Effect of training on the parameters of the differential
equation form of the human pilot model,

Z + o z + a, z = a3 X + o, x
3) Effect of input spectrum and plant dynamics on the power
match between the model and the human operator output.

An analysis of variance will be applied to all experimental
data to determine its statistical significance level.
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Task 2: Effect of Higher Order Models on Matching Error

In this task advanced model forms will be evaluated. Specifically,
these models will have the forms:
z (t) + 0y z(t) = ay x () + 0y x(t) and

)\.z“+.z.+oclz.. +a2z =0L3>E+ah_x

where x(t) =x(t - 1)
Evaluation of the experimental data will yield the following results:

1) Effect of a time transport lag on the model matching error.
2) Effect of a third order term on the model matching error.

Methods of computation of the time delay T and the third order term
coefficient A will be studied.

Task 4: Advanced Model Matching Methods

Apnalytical studies will be made of the iterative closed-loop model
matcher as well as the open-loop model matcher. The model matchers de-
veloped will be used on the experimental data. The results of Task b
can serve as a check on the results of Tasks 1 and 2 as these parameters

will bave been already determined.

References

L. Creer, B. Y., et al, "A Pilot Opinion Study of Lateral Control
Requirements for Fighter-Type Aircraft," Ames Research Center,
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2. Elkind, E. I., "Characteristics of Simple Manual Control Systems,"
MIT Lincoln Laboratory Report No. 111, 6 April 1956.
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Computation of power spectra of continuous data is performed by
CDRC following a sequence of the following operations:
(1) Analog data recorded on FM tape must be digitized.
(2) The digital tape must be converted into a 7094 compatible format.
(3) The IBM 7094 correlation and spectral analysis programl must be
run,
This memorandum outlines the major aspects of the three steps listed above,
‘ with reference to computation of spectra of manual tracking records.

1. Digitizing of Analog Data

If the analog data are recorded at 3-3/4 in. per second, it is recom-
mended that they be converted to digital form as follows:
(a) * Record all runs to be digitized on the same tape, using five
channels of the tape.
(b) Digitize at 125 samples/sec, commutated among the four functions.
The net sampling frequency becomes

f= léi = 25 samples/ second (1)

This sampling rate is sufficiently high to avoid Nyquist folding if the

data are filtered prior to sampling with a filter cut-off frequency.

£ =1f/2=12.5 cps (2)

co

2. Lecommutation

The sampled data points from the A/D converter may not have sequential
locaticn, and must be deccmmutated and separated into labeled records. The

. program for performing this process is known as the "FM-FM Processing Program,"

STL Form 180 Rev. 11.63
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3. Selection of Parameters for Spectral Program

The program requires the selection of the following quantities:

At = the interval at which the correlation functions are computed.
= the number of data points to be used in the computation.
m = number of lag values used in the computation of the correlation

function

The significance of these numbers can be related to the definition of the

auto correlation function @__ (7).
XX

- (3)
_ lim 1 z
¢xx(T) ~ N=®o 2N+l X(ti) x (ti )
~ i= -N v
Since the data are available only at discrete points, where

t, =14 ¢t
i

The lag values T must also be separated by integral multiples of At, and

. (3) becomes

P, (kbt) =

i

1
n

4
]

~1

x(ibt) x (1At + kAt) (4)
=0

}.J

The number of lag values m is equal to the number of values of k in Eq. (4)
which are used in the computation;i.e. k ='l, 2, 3....m.

For the sampling frequency suggested in Eq. (1), we have

_ 1 _
At = 35 samples/sec ~ 0.0/ seconds (5)

The number of lag values, m, determines the frequency resolution Af

possible, Assume that m = 250 is used. Then

1 1
~2(0t)m  2(.04)(250)

Af = 0.05 cps (6)

If this resolution is too fine, fewer lag values can be used. As noted

below, the number of lags is directly related to the cost of computation.
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If four minutes of data are used, the number of data points

becomes

n = 4 min x 60 558 x 25 S2mples _ 44, (7)
min sec

L. Confidence Band

From the fact that spectral estimates are distributed as chi-

square, Blackman and Tukey2 give confidence limits for various measure-
ment techniques. For the method used in this program, the 90% confidence

band of the computed spectral density is, approximately,

P —~ m
90% conf. band = 20 , [ 5= db (8)
For n = 6,000
m = 250

. = 250 -
90% conf. band = 20 \/:12,000_250 = 2.9 db (9)

i.e. there is a 10% chance that the true value of spectral density

§ff(w) would be outside of the band

(Spp(w)- 1.45 db) < §ff(w) < (8, (w) +1.45 db) (10)

If only 5,000 points are used, the confidence band becomes 3.2 db.
Either 5,000 or 6,000 points would be adequate. It can be noted the
width of the confidence band is approximately inversely related to the
frequency resolution desired - i.e. the finer the resolution the broader

are the confidence limits.

5. Qutputs

The digital program can provide an input tape for the digital
plotter, and from any pair of records x(t) and y(t), the following can
be obtained:

(a) Autocorrelation functions Ry (tr) and R (7)

(b) Power spectral densities Sxx(f) and Syy(f)
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(¢) Cross correlation function ny(T) and
tral density S__ (f). Since S_ (f
cross spec y xy( ) Oxy( )
is a complex number, the program provides the
magnitude and phase which can be plotted separately.
(d) The coherence function, C(f) is also computed, thus
giving a measure of the degree of linearity in the rela-
tionship between x(t) and y(t);
2
o) = 15500l (11)
5_ (s ()
== yy
7. Preparation of Load Sheets

A typical pair of load sheets, using the numbers computed above,

is attached.

(a)

(b)
(c)

(d)

The following additional comments can be made:
Normalization refers to dividing by the mean square value, so
that the maximum value of the correlation function becomes 1.
Tape number, file number, etc. are provided by CDRC.

The program can begin with an arbitrary point. For example,

if each record contains five minutes or 7,500 points at

25 pts/sec, it is possible to start at the 1000th point

and use the succeeding 5000 points, as indicated in the

load sheet.

If less resolution is required, every Jj-th point can be

used.

When both x and y functions are present and autocorrelation

is requested, the program computes both autocorrelations. Wherc
cross-correlation is requested, the program computes the co-

herence function as well,

An important point to note is that an option in the program calls

for removal of the mean from a record (if there is a non-zero mean).

6. Preparation of Input Functions

The following arrangement of data is suggested for each record:
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Channel 1 Reference input r(t)
2 Tracking error x(t)
3 Pilot output y(t)
L Model output z(t)
5 Matching error e(t)
S Blank
7 Voice track for run identification

The synthesis of human operator models is based on the relationship:

S_ (jw)

Tplie) = mpn (12)

rXt

where Yp(,jw) is the pilot "describing function" and 5,.,{Ju) and s . (Jv)

are cbtained from two passes through the spectral program.

8. Estimation of Running Time

Reference 1 gives the following estimate for IBM 7094 running time
to:

thZ 2 x 10-6 {(60 m + 100) n X + [(25X +100) m + looo]é}seconds (13)

where n and m have been defined previously
P = number of power spectra ocutput points
X = 1 for 1 function (autocorrelation only)
2 for 2 function (autocorrelation only)
3 for 2 functions when cross correlation is requested.
For large values of m (say m > 100), and X = 3, Eq. (13) can be simplified
to

t = 3.6X 1074
C

mn seconds

For m = 250 and n = 5000, we obtain tC‘Q“ABO sec = 7.5 min
With computer charges of $420/hr, this represents approximately #55.00 per

spectrum, not counting data reduction, digitizing and plotting.

,fo%fZ%:§?,¢k4,_
G. A, Be}%

GAB: jbk
Attachment
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;o SPACE TECHNOLOGY LABORATORIES, INC.

oare NS COMPUTATION AND DATA REDUCTION CENTER P SEPY .
NAME - PRIONITY
PROBLEM NO. w .o KEYPUNCHED BY
NO. OF CARDS VEAIFIED BY
KEYPUNCH : DO NOT KEYPUNCH

(LAG) = <5 B Number of lags to compute.

(N) = Scroo B Number of points to process.

(DELT ) = L Delta time (1/sampling rate)

(DELF ) = - Frequency resolution

(MEAN) = / B 1 = remove the mean from the data

0 = do not remove

(acc) = & B @ 1 « calculate autocorrelation and power
spectra on this funection. O = do not

(cce) = / B 1 = calculate crosscorrelation and cross
spectra on this function. O = do not.
(AN@RM) = / B 0 = normalise autocorrelation, 1 = do not.
(CN@RM) = / B 0 = normalise crosscorrelation, 1 = do not.
(XTAFE )= B Tape unit number for the X tape.
(TWNg) = B Time word number
(TWN@)HL= o @ DAD or DACV for DAD or CHOOSE
DACV format tapes ONE
(xm) = B X data word number in frame
(’XID.)HJ.- 3 X data vord name for DAD or DACV Y CHOOSE
format tapes o
(DENS) = B 1 = high density O = low denaity
(FILEN@) = B File number
(FSIZE) = B Fumber of words per frame FOR
(SKIP) = B Nuiber of I.D. records to skipf DAD or DACY
(START) = 4 Start time
(J) = / B @ Use every Jth point.

STL FORM 1796 BOND REV. 12/02

STL FORM 1798A VELLUM REV. 12702
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SPACE TECHNOLOGY LABORATORIES, INC.

oaTE COMPUTATION AND DATA REDUCTION CENTER PAGE 4 or . 2
NAME PRIORITY

PROBLEM NO. KEYPUNCHED BY

007,0
NO. OF CARDS 5'—1'" VERIFPIED BY
KEYPUNCH DO _NOT KEYPUNCH

(YTAPE) = —3B Tape unit number for the Y tape.

(YD) = B Y data word number in freme CHOOSE

(YID)HL = 3 @ Y data vord pame for DAD or ONE

DACY format tapes.
If YTAFPE = XTAPFE the following may be omitted.

(YDEN_S) - B Y tape density 1 « high 0 « low

(YTWNY) = B Y tape tims word number CHOOBE

(YTWN@ )H1= 3 DAD or DACY ONE

(YFIIE) = B Y tape file number

(YFSIZE )= B Y tape number of words per frame \ IGRORE FOR
(YSKIP) = B Y tape number of I.D. regords to skip /DAD OR DACV
(YSTART)= Y tape start time

(YJ) = B @ Y tape process every Jth point

$ @ END OF CASE

$ (R END OF RUN

>
~
€8

STL FORM 1796 BOND REYV. 12/02

STL FORM 17864 YELLUM REYV, '2/62
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1. INTRODUCTION

This report describes preliminary model matching experiments conducted
with single-axis human operator tracking data. The tracking task was per=-
formed with & controlled element of second order and wes intended to demon-
strate the effect of various display characteristics on the human operator's
model. The objective was to employ the model matching procedures developed
under Contract NAS 1-2582 (see Reference 1) in a practical control task of
the type to be further investigated under the present contract (Tasks 1, 2,

. and 3).

In the course of these experiments it was found that under the prevail-
ing low frequencies of the perturbation signal (filtered random noise with
break frequency ®, = 0.33 rad/sec) the parameters d4id not always converge
satisfactorily to fixed steady state values. In some cases non-unique sets
of parameters were obtained. These observations made it necessary to exam-
ine the stability and convergence characteristics of the model matching
process more carefully and to develop an improved optimization criterion.
The experiments were extended to the case of a system with known parameters
("synthetic pilot") to calibrate the accuracy of parameter matching and to

detect the causes of parameter indeterminacy.

Parameter indeterminacy was traced to cases of critical system parameter
combinations where model matching is not feasible under low frequency exci-
tation. This difficulty is of a general nature in system identification,

not restricted to modeling by continuous parameter tracking.

Another systematic difficulty was noted when the parameters assocliated
‘ with the highest order term of the model equation assumed very small values.
This case led to an investigation of parsmeters which change the order of
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the model equation, and of suitable computer programming techniques
(see Reference 3). The study also provided insight into the causes
of fluctuation in steady state parameters, and into essential differ-
ences in parameter sensitivities (see Reference k).

It should be noted that the results and observations in this
report are based on very limited experimental data from only few sets
of experimental conditions. While both the observations and analysis
indicate a broad application of the results, further experimental evi-
dence is needed., It is hoped to provide some of this evidence during
later phases of the program.

EXPERIMENTAL PROCEDURE

The experimental model matching studies were performed on single-
axis human operator tracking data., The modeling procedure was an ex-
tension of the techniques developed previously (Reference 1). In
addition to modeling the response of actual human operators, model
matching was also performed on synthetic pilots with known parameters
for purposes of testing the computer program, determining the accuracy
of the parameter values obtained, and exploring sources of unsatis-

factory model matching performsnce.

Tape recorded human tracking data served as experimental data for
this study. In those cases where gynthetic pilot parameters rather
than actual human data were determined by the model matcher input sig-
nals x(t) from human tracking runs were inserted to provide a repre-

sentative spectrum of excitation frequencies.

The compensatory tracking task is sketched in Figure 1. The
model included not only the human operator response characteristics
but also the display characteristics and hand controller response.
The experimental approach and the conditions under which the tracking
data were obtained are described in Reference 2.

Most of the model matching operations were performed by simul-
taneous adjustment of all four parameters in a continuous closed-loop
process. In addition, iterative and semi-iterative techniques were

used in some cases in an attempt to improve convergence. The con-

tinuous and iterative techniques have been fully described in Reference 1.
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MODEL. - : MATCHER

PACAMETE RS

Figure 1. Block Diagram of Single Axis Tracking Task

The semi-iterative technique adjusts sets of two parameters at a time
while the other two are held constant. The objective of this approach
is to minimize inter-parameter coupling during the adjustment process.

For comparison of the various adjustment processes and the model
matching quality obtained a figure of merit was introduced which defines
the fraction of the system output y matched by the model output 2z in
terms of signal power. The pover match (P) is defined by

T
f ez dt
O
P=1 - '—T;-—'— (l)
y 4t
J

The time interval used in the integrals of equation (1) cen be either
the entire time period from the beginning of parameter adjustment or

a selected time period after the parameters have attained final values.,
The latter tends to yield a higher value for P.
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MODIFIED ERROR CRITERION

The square law error criterion
.2
f, = (e + qe) (2)

previously employed in the parameter optimization process has the
disadvantage of a shallow minimum. This causes a relatively large
uncertainty in the final parameter values, since the error criterion
in practice does not register small deviations of the parameters from
the theoretical optimum. An increase of the adjustment gein constant
K tends to reduce the uncertainty level but also tends to cause insta-
bility of the adjustment process if the error and hence the slope of
the error criterion is large.

A modified error criterion having a limited slope for large de-
viations from the optimum was adopted to overcome this difficulty.
This criterion function f,(e, €) and its slope afz/ae is shown in
Figure 2. It can be expressed mathematically by

(€+¢F if |e +q¢| <L
£, =4 . . (3)
le +qe| - m le +qe] >1L

where m = L (1 - L),

Independent choice of the break point L, the center slope Kc
and the rate coefficient q permits adaptation of the error criterion
for optimum model matching performance. For a given cehter slope and
break point, the limit of 3f,/3¢ is determined by M = K.L. Typical

values used during the experimental study were

Kc = 5
L = 6 deg
q = 0.5 sec

If the center slope is increased to values of 30 and above an ex-

tremely sharp definition of the minimum of f2 is obtained. Model
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nga———

Figure 2, Modified Error Criterion fz and Derivative

matching of the human operator to better than 90 percent was possible
in some cases (see below). For large center slopes f2 approximates

the absolute error criterion

fy = le + q€| (&)

without the attendant problems of switching transients at € + qé =0
and of limit cycles occurring in the adjustment loops.

The error rate coefficient q used in f2 can be reduced below the
value of 0.5 which had been found optimum for the square law cri-
terion fl (see Reference 1) since the effective loop gain for large
errors is very much reduced by imposing the limit L on the gradient.
The optimum choice of q is a function of Ké and L, but has not been
derived in general. It was observed that large values of q tend to
produce undesirable sign reversals of the gradient

afz . 3
55; = 2(u; +qu) sgn (e +aqe) ' (5)
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for large instantaneous € vhen € and € have opposite sign. This led
to a choice of small g-values, e.g., @ = 0.05 for most of the first

order model matching experiments.

EXPERIMENTAL STUDY OF SECOND ORDER MODELS

L,1 Modeling of Known Systems

The effectiveness of the modified error criterion function was

studied for a second-order known system with parameters

8, =12 sec™t
a, = 20 sec?
ag = 15 sec™t
8, =10 sec™?

The model equation was of the form

Z +Qz + Q2 = a3i + oy x (6)

Satisfactory values for the model matcher constants

Kc =5
q = 0.5 sec
L =6 deg

were obtained by observing the povwer match and the stability of
parameter adjustment. These values were subsequently used in the
modeling of actual human tracking data.

4.2 Models of Human Operators

Model matching on human tracking data, using the model equa-~
tion (6) encountered a number of difficulties. At the end of a
tracking run of two minutes the parameters had not attained steady
state. A sequence of model matching runs on the same tracking data
was performed, each run using the end values of the previous run as
initial values. In some cases the parameters continued to drift
throughout the iterative sequence as illustrated in Figure 3. The
use of semi-iterative parameter adjustment produced similar results

as shown in Figure k.
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A start from various sets of initial parameters resulted in
inconsistent steady state parameter values although approximstely
the same power match of 80 percent was obtained with these different

sets of parameters.

This case of poorly defined parameters was further investigated
experimentally. It was found that parameter ratios such as al/a2 and
a3/ah maintained relatively consistent values in repeated model match-
ing runs in spite of the indeterminacy of the individual ai (see also
Section 6).

EXPERIMENTAL STUDY OF FIRST ORDER MODELS

The revised model equation

z + B2 = Bzi + B3x (1)

vwas used in an attempt to simplify the modeling procedure in cases
where the second order presentation (6) gave inconsistent or unsatis-
factory results due to small second order terms*. The constants of
the criterion function used in this study were

K =60

[
q = 0,05 sec
L =9 deg

The very small value of q required for this part of the study has
been previously explained (see Section 3). A systematic study of
paremeter convergence and accuracy was performed in terms of a first

order system with known coefficients and is reported in Reference 5.

Model matching of actual human tracking data using a first order
model of the form (7) resulted in stationary and repeatable parasmeter
values. A power match of approximately 80 percent was obtained in the
case of a first order model, nearly the same as for a second order model.

#* The problem of small parameters is analyzed in Reference 3.
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Since the stability characteristics of a first order model matcher
are much less critical it was possible to obtain even better power
matches, in excess of 90 percent, when the adjustment gain Kc vas reised
to values of 60 or 90. The results are shown in Figures 7, 8, and 9.

In the case of extremely high adjustment gains and nearly zero
modeling error it was observed that the resulting model parameters oscil-
late rapidly about average final values. The average values are the same
as those obtained for lower adjustment gain Kc where a power match of
75 to 85 percent was measured (see specimen shown in Figure 8). Three
possible explanations have been advanced for the observed parameter
fluctuations:

1) ‘The variations in Bi are primarily caused by the inhomogeneous

terms

Kée(o) u, or K, [e(0) + qe(0)] [ui + qﬁi] (8)

in the adjustment equation (see Reference 1, page 72). These
terms are due to continued excitation of the model matcher in
the presence of non-zero residual error €(0) accentuated by

*
large adjustment gain Kc .

2) The mismatch in model format due to the attempt of modeling
the human operator by a first order equation (7) enforces
continuous time variations of the resulting parameters under

the constraint of nesrly zero model matching error.

3) The parameter variations reflect actual changes in human

operator parameters.

Further research will be required to substantiate these hypotheses. A
combination of several of these effects may be the cause of the observed
parameter fluctuations. It was concluded that cause (3) is least likely
because actual fluctuations of pilot dynamics would not be traced as
rapidly by the model matcher (having time constants on the order of one

or more seconds) as the fluctuations portrayed in Figure T.

*
This effect has been referred to as "scalloping" in previous
discussions.
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PARAMETER INDETERMINACY

A difficulty in parameter identification cen arise if the system
parameters assume certain critical ratios which cause indeterminacy.

As an illustration consider the system equation
Y 48y +8,) = axX +eyXx (9)
having the transfer function

as+au

Y(s) _ 3
X(s) -~ 2
s +a

(10)

5 + 48

1 2

For input signals of low frequency equation (10) is approximated

123%- z M (11)
X{s als + az

by

If the known parameters have values related by

= =C (12)

equation (10) simply becomes

Y(s

X(s) = Cl
where C, is the zero-frequency gain of (10).
The corresponding model equation is transformed similarly into

(a,s + )
207 Gy +Z‘2* (13)

A set of system parameters which are related in accordsnce with equa-
tion (12) cannot be uniquely identified by model matching because the

requirement

Z(s) = 1(s)
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can be satisfied in good approximetion by any sets of parameters ai
related by

Q
3. % _¢ (14)

i.e., the q-parameters will not necessarily be equal to the known
a-parameters. For high excitation frequencies the approximations
(11) and (13) are not valid and hence the indeterminacy of parameters

ai will disappear.

Figure 5 illustrates a plot of model parameters in the al, a3
plane and in the qo, O plane. The lines o% = Clai and o, = Claz

are loci of indeterminate parameter pairs. The ai actually obtained
by the computer depend largely on the choice of initial values a&(o).
In practice, even system parameters located in the vicinity of these
loci can cause indeterminacy problems on the computer. In the presence
of computer noise, a continuous drift of the parameters along the loci,

or in their vicinity, is to be anticipated.

This theory explains several experimental examples obtained on

the computer where the parameters a, of a "synthetic pilot'" were chosen

inadvertently in equal ratios a3/ali= ah/a.2 = 2. Good povwer matches
were obtained in the parameter identification process although the oy
obtained were not unique and depended on initial values ai(o).

Figure 6 illustrates a case of poor determinacy of parameters
obtained from human tracking data. Repeated model matching resulted
in continuous monotonic drift of the individual paremeters. The final

ratios ai/aé and @,/ obtained were approximately equal.

A similar problem of paremeter indeterminacy can also arise in a
first order model matcher. If the system and model equations are
given by

Yy + bly = bzx + b3x

z + B2 = 5zi +pox
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having the transfer functions
(b8 +1b,)
Y 2 3
- (s) = (15)
X
(s + b,)
and
2 () (B2 +85)
B ey (16)
1
respectively, parameter indeterminacy will occur in model matching
if the system parameters are related by
°3

In this singular case the transfer function is frequency-independent
having the gain C2 at all frequencies,

Note that in this case the indeterminacy arises solely due to a
singular combination of parameters, whereas in the second order case
the indeterminacy is caused by singular parameters in combination with
low excitation frequency. Since & human operator's transfer function
model cannot be truly frequency-independent, the singular condition
expressed by (17) will not actually prevail at high excitation fre-

quencies.

Parameter indeterminacies induced by singular conditions of the
form (12) or (17) can possibly be circumvented if the system output z
is modified by insertion of a low pass filter such that

a3s + ah_

~
=

!
Z Z 1
=X =X ° GF(B) as +a, 18 +1 (18)



9350.6-157
Page 12

The resulting transfer function

8.38 + ah

2 (19)
a,7s -o-(al +8a,7) 8 + a,

is no longer singular, having coefficient ratios

which are inequal under the condition (12), for T £ 0. After deter-
mining the modified parameters of (18) the effect of the filter can

be deducted to obtain the original coefficients. Further investiga-
tion of this method will be conducted if necessary in the forthcomirg

model matching program.
CONCLUSIONS

The above experimental studies have provided significant new in-
sight into capabilities and limitations of the continuous parameter
adjustment technique. The findings necessitated further analysis of
the parameter determinacy problem which can occur in human operator
models and which can be recognized by the behavior of certain parameter

ratios.

A separate analysis of small parameter problems)of relative parame-
ter sensitivity,and of the stability and convergence characteristics of
the model matcher were the outgrowth of this study (References 3, 4, 5).
The first order model parameters resulting from the tracking data in-

vestigated here are presented in Reference 2 in greater detail,

The new optimization criterion developed during this study consti-
stutes a major improvement and will be used under Tasks 2 and 3 of human

data evaluation.
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Figure 5. loci of Indeterminate Parameter Pairs
in 4, a3 and Opy O, Planes
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Figure 7. First Order Model Matching (High Kc)
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A first order differential equation with known constant coefficients was
formulated to be experimentally analyzed using a first order model-matcher.
The purpose of the analysis was to determine the effect of adjustment gain
and parameter initial conditions on the convergence characteristicé of the
model parameters. Parameter accuracy and repeatability was also to be a major

consideration.

A conventional first order model-matcher with a modified criterion func-
tion was used. Details of the criterion functim may be found in Reference 1.

In this study the criterion constants were
® - 60

0.05 sec.

9 degrees

where q is the weighting function of € and L is the limiter value. Figure 1

K
q
L

illustrates the criterion function used. If the first order differential
equation with constant coefficients is considered as the describing equation

for a synthetic pilot in a tracking task, then the synthetic pilot may be re-
garded as & black box with an input and output. If the pilot and model-matcher
inputs are denoted by x and their respective outputs by y and z, then the differ-

ential equations describing the dependence of y and z on x are given by

.

Yy +by ¥y=Dby X +b X (1)

; +Bz=B, x+ B3 x (2)

;> b, and b3 are the (constant) coefficients of the pilot and
Bl, 62, and 63 are the model parameters. The model parameters are adjusted

where b

. by the model-matcher so as to make € = z -~ y equal to zero at which time the
B parameters become equal to the b parameters and the identification of the

pilot parameters is complete. For this study the pilot parameters were chosen
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’ to have values representative of comparable human transfer functions. Specifi-

cally these values were

bl - 40 sec™t
bz =15
-1
b, = 25 sec
3 5

Equation (1) may be written in the transfer function form

% (S) - KO (Tl S+l)
(T2 s+1)

wh K = b3

ere o0 = =2- = 0.625
b

1

b
Tl = _2 = 0.6 sec

b

® 3
TZ = gl—= 0.025 sec

1

and s 1is the laplace operator. A two minute tape recording of a tracking error
history obtained from a compensatory tracking experiment was used as the input x
for all phases of the study. The convergence study was initiated by first in-
vestigating the repeatability characteristics of the model-matcher for various

values of the initial conditions of the B parameters.

EFFECT OF INITIAL PARAMETER VALUES

A random choice for the initial parameter values will yield a criterion
function whose magnitude will also be of a random value. To circumvent this
dilemma, the initial conditions were chosen such that the criteria function
would have a large magnitude by assigning zero initial conditions to Bz and
B..

3
‘ from approaching infinity. Specifically Bl wes initially chosen to have values

The parameter Bl must be non-zero to keep the model transfer function gain

which were either high or low by 50% with respect to the known value for bl'

With the above described initial conditions, a repestability experiment was
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performed on the model-matcher to determine the effect of these initial conditions
on the repeatability characteristics. In these experiments, the model-matcher
was allowed to operate on the input data for short lengths of time. Model-matcher
gains of 30, 60 and 90 were used. Figure 2 shows the poor repeatability charac-
teristics for the P parameters when al(o) = 0.5 by and the adjustment gain was 60.
With Bl (0) = 1.5 bl’ the parameter repeatability was markedly better as shown

in Figure 3. Adjustment gains of 30 and 90 yielded similar results. It was con-
cluded from the experimental results that Bl should be above its time value ini-
tially if good repeatability was to be expected. No theoretical reasons are
offered for this behavior at this time. These initial conditions were used in

all of the subsequent experimental measurements.

LONG TERM CONVERGENCE

In operation the model-matcher will cause the B parameters to converge on
their true values if sufficient time is available. A typical time history of
this process is shown for one parameter in Figure 4, Note that the parameter
converges approximately to the true value in two distinct steps. Initially the
convergence is very rapid and consequently this portion of the convergence has
been termed short term convergence. After this rapid initial convergence, the
parameter requires a long settling time before it reaches a steady-state value
(i.e. long term convergence). The initial convergence is rapid because the
error € is large and consequently the slope of the criterion function is large.
However, when the error becomes small (point A on Figure h), the resultant
criterion function has a small slope with respect to € which decreases the con-

vergence rate.

An experimental analysis was conducted on the long-term parameter conver-
gence to determine the effect of adjustment gain and matching time on the para-
meter accuracy. Figure 5 shows the percentage error in the B parameters for the
various adjustment gains where the parameter wvalues were determined upon com-
pletion of a 2-minute run. Percentage errors for the equivalent transfer func-
tion parameters are also shown in Figure 5. Clearly, Figure 5 indicates that
the B parameters may be obtained with a percentage accuracy of :6% or better
while the transfer function parameters may be determined to an accuracy of‘ih%.
In particular the parameter l<b may be determined to an accuracy of better
then 0.5%.
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In an attempt to increase the accuracy of the convergence process, the same
data was run through the model-matcher a number of times. Four adjustment gains
of 10, 30, 60 and 90 were used and in the final parameter values of 1 run were
made the initial conditions for the subsequent run. Figure 6 indicates the de-
pendence of B parameter percentage error on the number of replications R as well
as the gain used. 1In general, the percentage error was greater after two repli-
cations. In cases where three replications were made, the percentage error had
either reached a plateau (for K= 60) or was approaching one (for K =10). All
parameters had approximately the same percentage error and were predominantly
negetive. Percentage errors were also calculated for the equivalent transfer
function parameters and are shown in Figure 7. Again, the use of replications
is apparently not warranted as the accuracy is not increased substantially. The
one exception occurs when the gain is 60. Here a definite increase in accuracy

for the FCO and T, parameters was obtained if replications were made. Compari-

son of the accuraiies for the B and transfer function parameters indicates

that the transfer function parameters are again more accurately determined
(especially for lﬁo and Tl). This result is due to the fact that the transfer
function parameters are ratios of p parameters. Since the B parameters have
errors which are consistently negative and approximately equal, it follows that
their ratios will be much more accurate with the sole exception of parameter

T, which is not a ratio but a reciprocal. Figure T clearly shows that To is

2

much less accurate than Ko or T, .

SHORT TERM CONVERGENCE

In the conduction of the long term convergence experiments it was noted
that the error was very close to zero at the end of the short term convergence
period. To determine the parameter accuracy at this point, an experiment was
conducted in which the short term parameters were found for five randomly chosen
points of the same data run previously used. These parameters were then averaged
and the RMS value of the percentage error determined. In general, the accuracies
were not as good as in the long term case. However, the transfer function para-

meters with the exception of T, were found to be accurate to 5% over all of the

2
adjustment gains used. Figure 8 compares the accuracy of the B and transfer

function parameters. Again, the transfer function parameters are more accurate

with the exception of < This may be expleined by the same argument used for

20
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the long term convergence study. It is important to realize that the short term
parameters are accurate to 10% BMS for K = 90 as their values may be determined

in a second or two while the long term parameters require about 60 seconds.

CONTROL REVERSAL

In many manual control tasks it is & common occurrence to find that the
human operator will sometimes reverse the sense of his polarity output for a
short time even though his signal input has not changed polarity during that
time interval. This 180° phase shift is known as a control reversal and at
present no method other than direct visual comparison of the input and output
signals exists for the detection of control reversals (Reference 2). Since the
model-matcher can rapidly converge in the short term sense with a fair accuracy
(10%), an experiment was formulated to determine if the model-matcher could

monitor the parameter changes that result when a control reversal occurs.

The control reversal was simulated by providing an operational amplifier
that could operate serially on the input signal to the synthetic pilot and
change its phase by 1800. This scheme could have been used instead to change
the phase of the pilot output signal by 180o and thus effect a direction
simulation. However, it was found more convenient to use the first method.
Figure 9 illustrates the switching system used to simulate the control reversal.
Examination of the computer implementation of the pilot indicates that the con-
trol reversal will cause the model parameters 52 and 63 to change sign from
positive to negative and consequently the model transfer function will have a

corresponding negative gain *Co.

Using the same input date x, experiments were performed with the model-
matcher to determine if it could monitor control reversals. In general, the
performance was poor in that the model-matcher parameters would not always
converge when the control reverssl was simulated. However, many instances did
occur when the model-matcher was sble to properly detect the control reversal.
Figure 10 illustrates one case where a control reversal was simulated at time
tl. At time tz the original control polarity was reestablished. The detection
of the control reversal was generally rapid (1 or 2 seconds) and in all cases
a transient was also introduced into the Bl parameter during the reversal as
shown in Figure 10. Parameters Bz and 63 both reversed polarity during the

reversal (at time tl) and at time t_, both parameters reverted back to their

2
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original value. Consequently, the model-matcher was able to follow the control
reversal as well as the reversion back to the original control polarity. To
determine the accuracy of the model-parameters just after the occurrence of
the reversal, another run was made in which the parameters were measured while
the model-matcher was in the computer hold mode. Accuracies of these measure-

ments are shown in Table I where the times t., t_, and t, are as indicated in

1’72 3
Figure 11.
TABLE 1
T TZ o
Ko °/o E (sge'cs) °/o E (secs) /o E

5 +0.639 + 2.24 . 0.570. =5.00 0.0227 -9.20
tz -0.632 + 1.12 0.577 -3.83 0.0231 -7.60
t3 +0.625 o] 0.587 -2.17 0.0191 -23.6

This preliminary study on the detection of control reversals has shown
that the model-matcher is capasble of detecting control reversals with a fair
degree of accuracy. Since control reversals in the real world are of short
duration (in the order of seconds), it will be difficult to increase the para-
meter accuracy as the model-matcher short term accuracy is relatively poor com-
pared to its long term accuracy. However, the most serious limitation of the
model-matcher as a control reversal detector is its inconsistent operation.
More research will be required to establish if the model-matcher can be used

with the confidence in the detection of control reversals.
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CONCLUSIONS

An experimental analysis on the convergence characteristics of a first

order model-matcher led to the following conclusions:

(1)

(2)

(3)

(%)

(5)

(6)

(7)

(8)

(9)

Parameter adjustment repeatability was good when
By (o) = 1.5 b, and ﬁz(o) = 33 (o) = 0.

For long term convergence, the B parameters may be obtained with a per-
centage accuracy of :ﬁ% while the transfer function parsmeters may be

determined to an accuracy of +i%.

Use of replications does not substantially decrease the long term con-

vergence error.
No optimum gain was found for long term convergence.

For short term convergence, both the B and transfer function parameters
may be determined with an accuracy of 10% (RMS) at an adjustment gain
of 90.

The optimum adjustment gain for short term convergence was 90 (the

highest value used).

For both long and short term convergence, the transfer function parsmeters
may be obtained with a better percentage accuracy than the B parameters

except for the case of 71, for which no significant difference occurs.

2
The transfer function parameter fco may be determined with the greatest

precision (0.5% for long term convergence and 2% for short term).

The model-matcher can detect control reversals but the detection is sensi-

tive to the instantaneous value of the input x and is not consistent.

Direct application of these results to the prediction of model-matcher

performance on differential equations with unknown coefficients and of an order

other than one, cannot be justified from the experimental analysis as the analy-

sis was only concerned with an equation of order one with known constant

coefficients. If the unknown coefficients are slowly time-variant it may be

possible for the model-matcher to follow the variation in the unknown parameters

with a fair degree of accuracy as the model-matcher does exhibit a good short

term parameter convergence accuracy.
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An analytical study of the sensitivities of the B and transfer function
parameters has been made to explain the difference in behavior of the two

sets of parameters. This analysis in general supports the experimental work
reported here and may be found in Reference 3.
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Figure 2. Parameter repeataliflity (Bl(o) = 20)



Figure 3. Parameter repeatability (Bl(o) = 60)
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Figure 5.



HH

ans

nns

T

ipuEe

R

| SEEEN |

B

a2

1

I8!

gul

1

L4

i suaw

NN

H -+ H 1

BRSNS

JIN S

i
I

£

HHT

SuEm

[
N

‘0D ¥3ISSA W 1344N3IN

‘Y50 NI IGVR

€2l 9v

SIHONI Ol X £
HONI %4 O1L 01 X O}

A

gence ACOmMracy

(B parameters)

Figure 6, Effect of replication on long term conver




(transfer function parameters)

)
- |
T
T t
1
1 T
h s -
i 4
T
i 3 i Wu
i xxumu 1 T+
) v u
y i
" | 1T [9]
" § 3]
T [}
!
!
’ T 8 ! Q
T :
i T Q
1 4]
= 1
T : (4
: + i 2
- ! =]
pegs & w
I nal T :
H o H !
H o8 Bam] =
. H SEesies: e
T
A’ AR == ! )
» +$
L3 !
1 i i t g
I 1 IE B w o
_ : I : i
; Y
1 = M - [ ]
: .
T T O
] ! ; 1 ! or4
X . ﬁ— ; i —
1 T i T : : 4
; H : ; : @
o g : !
H 1
. T T t T T T T T I L%
f T I T g T o
HHF 1 1 T 7 ! T
- T | 1 d + T L N
: " 1 7 | +
- T T 1 T Fy 9
| &1 I
-y 3 1 hmdl ' o
AP e ! 1t ro [
, A9 :
i o | I g ,ﬁ T =
| T . ﬁ
. I . .
Jman : - v + 7!
. ! 111 + eyt
NasamN M T - s an - T .
. - = T B NSRS
- I BN W T ; : T i | [N AEEEE KRS e o
1 1T B! I ; I H : 11t T 1 e sl
I T : + i : | e BN T . R A
- ’ + =t + } - =
« . i S : H ! } (i ) A 1 i 1 i
4 I . : - B 1 ] “ i T " I JERN _h it ,_: W i T
T - : f | EuA & ! T.Jr 11 b; o IS 68
T mo ame T s peas bem BUAES S I ! P WY O 7 P S A B :
T i B, § EEEES SEERS i e - m ; TT T . m S N B 1 e S| t
T D, SEEENSENESIUENE NS SRS L e g N i o i T S B - SN S EN B AR NN SN an
)l 1 INDEERERE FRAN il L] il i1l 111 i il I 1 I B | i P il ) i H I IS B 1 I I LT It

‘OD HASS3A ¥ 1FL4NIN

-.<.m.=z_mn<x WMIUZ_O_Xh
€ZEL 9 HONI %, OL Ol X O} W#Y_




! aatedad INARRIRRALESY aiis cE T |
: LETTE N , ] Hil41H ¥
L UL LT i e : i
T B R - L :
H HHH PR R 5 Ha T HHH rEHH:

yeidnug 1] P FHEE aefals THHF u ud R 5 FHET ]
T g T i1 HH
syusRRNw uf IRES [

aindgAnny ] Il I

T A E P R R B P A

HHHH FHERLt e

saaNRESD 1]

H1-H

H 1 hadiindex 8

i

- -
]
i
HTH M
s
i P
H H N

EapEpae an JanaE

- wugf ; g7 Ma

T e - £

T = . :

T A IR LR TN

TS H RN TN 4 5 -

NI e i ;

55 4

1y
 Sine
mma |
LR
< iy
3
1
1

-y
it
)
my
—
T
E R
rx
T
as e =
n
1
» 4
’s
T
s
> 4
.y
-
1
1

;H i ] 1 [ R 9 o F N
[ U SRERS . ! N .
it . ] H I ¥ 1 L NN '
[R5 T § HHIHHTERL HEH HFEH AN TR
& | ] T N ] sigfegs
T 11 ,'_f : 11 I 11 1 1
A : - ] I
% u - A : {4 (1T SEAERER:E
T = T I -."N-q : ! & i ;11: .
Fad L1 v P HHHHTE +H
andi AT ' TR
f LT e HHiH

._‘
p 2
1 %

e

2 4
LI
ey
L
-~
]
.
S
Y.

B\ T

. Figc 8.

Effect of adjustment gain on short term convergence accuracy




MODEL

| -1 NO
—M o—1- pPILOT
: |
C |
NC

Figure 9. Control reversal aimulation block diagram




Parameter accuracy during

the control reversal.

Figure 11.

Simulation

of control reversal

Figure 10.




TRW sPaAcCE TECHNOLOGY LABORATORIES

THOMPSON RAMO WOOLDRIDGE INC.

INTEROFFICE CORRESPONDENCE

. 9350.6-153
ro: Distribution cc: caTe: 26 February 1965
sussecT: Relative Sensitivity of Human Pilot FROM: K. 7. Msissinger
Model Parameters aLDG. ROOM exT,
R2 1086 22115

1. Problem Statement

Experimental results indicate that the parameters in a transfer
function model of the' human operator, especially the steady state gain
factor KO , tend to be determined with greater precision by the model
matching process than the individual coefficients of an equivalent
differential equation model. This result is traceable to the relative
magnitude of the sensitivities of the various parameters.

The purpose of analyzing these relationships is to confirm the
trends exhibited by the experimental results in quantitative and qualita-
tive terms, and to find criteria for selecting mathematical model struc-
tures that yield to parsmeter identification processes with higher
precision than others. On the basis of this analysis it will also be
posaible to distinguish between a case of poor computer accuracy and a
mathematically unfavorable choice of the task which the computer is asked
to perfom.

The dissimilar relative accuracy levels for different model parameters
are explained by the fact that the error term € is in first approximation
a wveighted sum of the individual parameter errors A(z,1 »

h
€ = €(0) + S u:Aq; (1)
c=l
y are the unsitivity coefficients of z with respect to ai
(see Reference 1, pages 50-T2). If equal adjustment gain settings K are
used in the different paramster adjustment circuits,the parameters <xJ

vwhere the u

STL Form 180 Rev. 11-63
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having the largest relative sensitivity u 3 will be defined with greater
precision than others. In a two-parameter case, for example, the con-
tours of the error criterion F = j' ez dt will be elongated in the direc-
tion of the parameter having a weaker sensitivity (Reference 1, pages
56-58), the error criterion F being less sensitive in this direction

to residual parameter errors.

Equivalent Model Forms

In this discussion ve eompai'e the first order linear model differ-
ential equation

z+B,2 = X +f3X (@

having parameters 51 with the equivalent transfer function model

Z T,S +/
oK (3)
X T,5+ 1
where . p
/ k)
K. = L2 - i - — (
° R T Ps ' Ta7 g,
Both model forms (2) and (3) have been used interchangeably in
previous vork. The differential equation corresponding to (3)
Titz = KTk + X) (5)

is derived from (2) by multiplication with T,. Computer results (Refer-
ence 2) show that Ko is a well-defined parameter, whereas the terms bl,
53 which determine KO tend to drift simultaneously or yield somewhat
inconsistent results in repeated modeling runs of the same human opera-
tor tracking data. = and'tz are also defined with greater relative

1
accuracy than the corresponding Bi terms.

Sensitivity Equations and Sensitivity Ratios

The influence coefficients u, = az/aa1 are obtained by solution

of the sensitivity equations derived from (2)
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g, tpu, = -2
di +ﬂl u, = X

Using the notation of (3) and (4) the equivalent trensform equations

' S+
U‘ =-—K°T2_._£_I_.x

(f15'4 ’)2_
= T2 S = ' (1)
Uz. —'—C:_S-Tl-— x = S U3 .
Ta
U3 = Ta5+41 X

are obtained, assuming zero initial values. Similarly the sensitivity
equations for

yield
Vor  Zre X
Vi =K X @

For simplification of the subsequent discussion we form the sensitivity
ratios

a,, = _g:_-s _ Ko (tistt) ro VYo _ TS+l

! L S (T.S+/) T VI T T Kes
U Ko (Tis+1) Vo TS+

3= 7 =~ “TEET G2 = 4= ==~ (9)
Us ; Vi TaS+I1

Q= § - o = Yo TS+l

q . UJ -z Vo T, s+l
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These expressions which permit an estimate of the relative magnitude and

pover of the sensitivities u, and v, are illustrated by Bode graphs shovn

in Figures 1 and 2, respectively, for a typical case where the parameter

values are
P = 40 sec”’ Ko = 0.625
P = IS , or T, = 0.600 sec
fo3 = 25 Sec” T, = 0,025 Ssec

(This parameter condition has been the subject of an extensive experimental
model matching study and data apalysis as reported in Reference 2.) Table 1
gives the characteristics of the functions r and q used in constructing the

Bode plots.

Table 1
Characteristics of Sensitivity Ratios
Go Goo
. ‘l’l

rOl o0 ‘(0 - 0096
T2

roz (> =] = 000".0
T2

r l T = 0.0‘l»l6

-
[\
o

92 oo 0

!
k) X K T, =15
q23 Y oo

While r and q give relative sensitivities of the parameters within
the models (2), (3) respectively, the relative sensitivities between the

U ) U
models' are expressed by the ratios —vl ’ —v-3- ’ 'Vé , etc. The term

2 1l o
Us _ T2
Vp T S (10)

is plotted in Figure 2. Using this term for calibration the other rela-
tive inter-model sensitivities can be deduced.
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Discussion

In evaluating the amplitude vs. frequency plots for r and q
one must take into account the upper frequency limit of the excita-
tion signal x(t) occurring in human tracking studies. On the basis
of past experiments we set the cutoff frequency roughly at ®, =
5 rad/sec to obtain estimates of relative magnitudes of the u, and
vy (The resulting estimates reflect this choice of a)c.) In the

frequency range of interest the sensitivity ratios behave as follows:

Table 2

Differential Equation Transfer Function
Parameters Parameters

q~12 ~ 0.1 ‘ooo 10 rOl ~ 15 ... 1

QIS ~ 006 ese 2 1‘02 fad 15 eoe 0.3

Q.z3 ~ 0.1 eee 5 rla "~ 1 0o 003

Betveen Models
Yo
\ —"""’l ~J ‘.‘o XX} lw
Us

This leads to the following observations:

l. The parameters Bl’ BZ’ 53 have essentially the same degree of

sensitivity except that ug dominates uz; u, in the lower fre-

1
quency region, u, dominates uy at low frequencies, u-3 at high

frequencies. On the average the sensitivities are approximately
matched., This agrees with the findings, in Reference 2, of com-

parable accuracy of all B's.

2. ' The parameter sensitivities for l(o, T T shovw larger disper-
gsions. ‘vo dominates \rl and Vo vei'y distinctly up to frequencies
are of similar magnitude, but 'vz tends

.of 1.5 red/sec. v, and v,
to dominate vo and vl in the upper frequency range. The high
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accuracy of Ko exhibited in the experimental study confirms this re-
sult. On the other hand 1’2 shovs consistently poor accuracy compared
to T and lco, but should be expected to be at least on & par with T

This discrepancy points to possible computational insccuracy in the
results of Reference 2,

1.

The mét striking difference in sensitivities is indicated by the
behavior of VO/U3. Thus for the case investigated the steady state
gein xo is determined with an accuracy at least an order of magnitude

higher than the parameters ai. In vievw of the values Tox’ To2 and the
ratio VO/U3 we deduce that T, and T, should also be considerably more

vell defined than the Bi' s° This finding is confirmed by the experi- .
mental results. |

Additional insight is gained by noting that

V, Ko
_— 2 — = 25
U, z S 25s
Ve _ s _

T L =9

vhich shows the dominance of v, and v, over the u's.

1
The above results are largely parameter-dependent. For example,
o1 is shaped by 1‘1 and Ko. Figure 3 illustrates how To1
increases in each of these parameters. As T, increases, the dominance
of vQ is enhanced, an increase in Ko has the opposite effect.

The dominance of Vo OVer u;, u,, ug depends strongly on 7,. For in-
creased T, (buman pilot lag time constant) to more typical values of
0.1 - 0.2 sec the preponderance of Yo decreases by an order of magni-
tude but is still noticeable. T has a much smaller effect on the
ratio U3/v0 unless ¥, is substantially increased above the 0.6 sec

value used in this discussion.

varies with

Yz and q23 are largely uninfluenced by parameter changes .'

sua i T il LA DA il At Fadi i 1 Rant s 38 Aaies ot
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T T, increases

/|
L

L Ko increases

e e e (ap

Hmro 5. Paramster Dependence of r°1
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Conclusion

The simple analytical method presented here is very useful in
detecting sources of parameter definition accuracy or inaccuracy
vhich may othervise remain obscure. The method can be readily ex- -
tended w0 practical problems characturised Dy seeond ordsr models,
but remains limited to linear structures.

The method serves to pinpoint mathematically favorable model
formats or parameter combinations to be selected for the optimiza-
tion progrem. As a general method of sensitivity analysis it has
a range of applications in control engineering, system optimization,

adaptive control, and related fields where it should be further

pursued.
H. ¥. Meissinger
H'M:Jjs
Distribution
G. A. Bekey
W. A. Finley
R. E. Rose

L. G. Bummers
E. P. Todosiev




9350.6-153
Page 11

" References:

1.

"A Study of 'lbdol Matching Techniquu for the Dstermination

of Parameters in Human Pilot Models," by G. A. Bekey,
H. F. Meissinger, end R. E. Rose. STL No. 8426-6006-RU000,

dated 2 May 1964. (Published under NASA Contractor Series
CR-143, January 1965.) :

“Convergence Study of First Order lbdol Pu'uotorn, by
E. P, Todosiev, (in preparstion). o _




TO:

SUBJECT:

TRW sPaAcCE TECHNOLOGY LABORATORIES

THOMPEBON RAMO WOOLDRIDGE INC.

INTEROFFICE CORRESPONDENCE

: 9350.6-152
Distribution ‘ cc: DATE: 26 February 1965

Analysis of Time Delay Approximation rROM: H. F. Meissinger
in Human Pilot Models

SLDG. ROOM EXT.

R2 1086 22115

1.

Method of Approximation

A first order approximation of the effect of time delay T in the
mathematical model of a human operator can be obtained without actual
implementation of a time delay term in the computer circuits (see Ref-
erence 1,pg.A-23 ). The time-delayed response is obtained by extrapola-
tion from the solution for T = O, using first order parameter influence
.tema.

Consider for example the model equation with time delay in the
input signal

Z 4+ a2 402z = 0gX(E-T) (1)
where
x(t)
x(t-1) time delayed input signal
z = output of the mathematical pilot model

input signal to human operator

al,az,a3 = model parameters.
A first order extrapolation in the vicinity of T =0
22,
(vhere io -2, O) is obtained from
z, F A Z, +0GZ, = o) X(t) (3)
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and the partial derivative of zo with respect to t.
. az

This derivative, the influence coefficient u, = -STO— » 1s obtained
by solution of the sensitivity equation ‘

Ue + & UL 40Uy = — o X () ()

Eq. (i) is derived from (3) by observing that

7 x(t-T) _ __.dx .
~—=—" = I = - X () (5)

at T = 0. In the vicinity of T = O equation (5) is an acceptable approxi-
mation.

Equations (3) and (4) yleld

u. equals -io only if the initial conditions of the respective differen-
tial equations (&) and (3) are the same. Since for purposes of this study
the model output is determined by the continuing random excitation signal
x(t) the importance of initial values in (3) and (4) is minimized, provided
the homogeneous solutions are damped. Substitution of (6) in (2) yields

z' =ZO -Zo‘c‘ . (7)

This could also have been derived directly in terms of operational calcu-
lus, using the first order term in the series

-TSs
e = | —Ts +hTisT... (8)

Analysis of Approximation Error

a) Sinusoidal Excitation
In the case of a purely sinusoidal input

X = Asihwt = Asiné (9)

' - u T e - T T T : HELHINRIRA A ;0 AT 1 S/
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x(t-T) = Asinw(t-t) = A sin (6-X\)

vhere wt =@, at =) .

(10)

the approximation error can be explicitly derived as follows. Let the

steady state solutions z, z, £ be denoted by

0

B sin /9-/\. -®)

Z =
2,= B sin(6-¢)
Z, = Bwcos (6~¢)

The approximate model output is
Z, =2, - Z’or =B [S[n /6—¢) -4 C05(6—¢U

Thus the approximtioﬁ error 1is
e' =2-2Z, = B [Sl'h(é —h-{ﬂ) - Sin (9 -‘¢) +)cos (a ..¢)]

To further simplify the notation, let § - \ = t; Thus from (13)

e = B [sint/« (cos A=1) + cosy (A —S/'n)L)J

Zero error occurs at times when

A —-Sink
CAt s T esa
tan 1./«' ~ %— ese fOr small A

The maxima occur when —%;— =0, 1i.e,, for

| =cos A
fan ¥, = A-SinA
fany, > -4 ... for smell )

(11)

(12)

(13)

(1%)

(15)

(16)
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As illustrated in Figure 1 the approximation error el is nearly zero
at the nulls of o and maximum a small time interval after the maxima

of "0‘ The nulls and maxime of el are shifted from the nulls and maxima
of zo by the small phase angle § 1°

It should be noted that these assumptions do not presuppose a model
equation of the form (1). Higher order linear differential equations in

z and higher order terms in x(t - T) yleld the same result.

The maximum error E = ¢,  is obtained by substituting (16) into
(1s).

E = B (6053-1)2-4- ()(—St'n/\)f

E ~ _61- BAZ }\z"'q eee fOor small A (17)

The results are tabulated in Table 1 for A values < 1.

Table 1
Normalized Maximum Error E

e /8
o 0
0.2 0.020
0.h 0.081
0.6 0.184
0.8 0.313
1.0 : 0.489

Figure 2 shows graphs of the normalized meximum error as function of
time delay T for various values of the excitation frequency w. For the
frequency range of interest (m < 1 rad/sec) and typical human pilot time
delay (T < 0.3 sec) the error is considerably smaller than 5 perceat of
the maximum model output.
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b) Random Excitation

For random excitation the above results provide estimates of the
amplitude distortion at various frequencies in the model response. For
excitation bandwidths of approximately 1.0 rad/sec only the upper fre-
quency components exhibit noticeable Aistortions on the order of 5 percent.

Prediction of Time Delay by Steepest Descent Adjustment of 7

If the approximate model output z, is used as basis of a computer
prediction of T (see Reference 1, pg.A-23)a prediction error must be
expected due to non-zero € values. Let the predicted value be %

10
The steepest descent egquation for determination of '1 for model
matching of z by means of z, is of the form
= - b —gunl - - 6
T K dc, K €, 5?: (18)
vhere ‘. 1 ] 2
2 1
With .
one obtains
96[ *
gt, T %o (19)
fi-' = e K 6’, z°

(20)

Note that a computer circuit for obtaining 1’1 estimates can be set up
without requiring a time delay unit, simply by using the available terms
€, (model matching error) and io, as shown in Figure 3.

Theoretically the computer-predicted time delay 1’1 is obtained as
follows. For sinusoidal excitation x(t) at frequency o equation (20)
may be expressed by
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> SysreM — /
X(t) —4
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T
MODEL

Figure 3. Computer Circuit for Determination of “1
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A, = _‘Ke.,wio = —KBwZz, [sin(y-2) -siny +2, cosy]

The error tem € is sinusoidal with amplitude !1

vhere

E' = B {COSI\—I)L-!- (/\.—St'nk)z

similar to (17). Obviously, minimization of E.Z with respect to

: xl by steepest descent requires

1

7\'. = sinA
since aEz. 5
Therefore
2 2 z
E)ppin B* (cosA-1)

The prediction error in A and the residual error criterion amplitude
E, minz are listed in Table 2 and plotted in Figure 4. For w and T
values of interest the A-error is less than 0,01 radians. For random

(21)

(22)

(23)

(24)

Table 2
Approximation Error in )
A = an A A=A E| min
(deg)  (rad) (rad) (rad) B
0 0 0 0 0
10 L1745 1740 0.0005 0.015
20 349 342 0.007 0.060
30 .523 500 0.023 0.134
- b .698 6h2 0.056 0.233
4s .T85 .07 0.078 0.293
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excitation signals these results provide upper bounds on the estima-
tion error in T if the maximum frequency of the excitation signal is
used in the graph.

Discussion

The foregoing analysis provides insight into the character of time
delay approximation results obtainable by the proposed method, and esta-
blishes that approximation eriror is insignificant for frequencies and
time delay values of practical interest in human pilot models. For system
identification problems with much larger time-delay (e.g., process control)
the above assumptions must be re-examined. But since perturbation fre-
quencies are usually small in such cases the approximation is probably still
quite useful. On the basis of these results the computer program depicted
in Figure 3 will be utilized in Task 2, etc., of the subject study.

In‘the "non-ideal" case wvhere the model structure and the system
structure are dissimilar in terms other than the time delay T, or if addi-
tional parameters are unmatched, the above discussion is no longer exact.
The results only serve as reference data for the simple case of unmatched
T-terms,

R. Bellman (Reference 2) and other investigators have questioned
the feasibility of imbedding the solution for T = 0 within a family of
solutions for T # O under more general conditions, and point out funda-
mental difficulties of defining sensitivity here. The objective of the
present analysis has been to establish feasibility and confidence levels
for the case of interest in human pilot modeling as exemplified by equa-
tion (1).

References
1. "Mathematical Models of Human Pilot Responses,"” STL Proposal 3667.000,
dated 11 June 1964, pp. A-23 to A-25.

2. '"Perturbation Methods in Science and Engineering,” by R. Bellman,
- McGravw-Hill, 196k,
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APPROXIMATION OF SMALL PARAMETERS ASSOCIATED WITH HIGHER
ORDER TERMS IN HUMAN PILOT MODELS

PROBLEM STATEMENT

The model differential equations used to represent the human pilot
are usually assumed to be of first or second order. Small perameters which
are associated with higher order terms can have a significant effect on
the model response. Such effects may have to be investigated to determine

model validity and accuracy.

Consider the example of a first order model
Z + Bz =B, x (t) (1)
of a human pilot in comparison with a second order model
A\Z +2 + Bz = By X (t) (2)

where \ is a small non-zero parameter. The transition from (1) to (2) in-
troduces theoretical and practical computation difficulties which are the
subject of this analysis.

The proposed method for approximating the effect of the A-term on
the model matching error € (see Reference 1, p. A-22, A-23) 1s based on
extrapolation in the vicinity of the solution Z4
the first order parameter sensitivity coefficient of Zq» viz.,

obtained for A = O using

BZO

Zl (t;)\) = Zo(t) + Y A (3)

provided such a sensitivity coefficient can be obtained. The effect of A
on the modeling error € = z - y is approximated by

€, (t531) =2z, (t5;1) -y (¢)
dz
= (8) + == (1)
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This method can be used to estimate the omitted term A\ by steepest descent

parameter optimization using the adjustment equation

Y of _ %€ ..
A =-K—5 =-Ke 55— =-Keu (5)

where f = % €2 is the error criterion, —%%- € ux is the gradient compon-~

azo o€

ent with respect to the parameter A\, and Sy ng denotes the in-

fluence coefficient. An analogous method for evaluating the effect on €
of time-delay terms has been proposed and analyzed in Reference 2.

Formally, the influence coefficient ux is obtained by solving the

sensitivity equation of z_ with respect to A which is derived from (2)

0

G +Bw = -z (6)

for the case A = 0.

The mathematical problem arising in this approach centers on the
initial conditions applying to equations (1) and (2). An arbitrary choice
of z (0) in (2) does not permit a continuous variation of A from non-zero
values to A\ = O. The case A = 0 is singular., Hence at £t = 0 the deri-

g{ is not defined unless the initial value z (0) is chosen

specifically so as to satisfy equation (1), viz.

vative

2(0) =B, x (0) - B, z (0) (1)

This problem has been treated extensively in the literature on system
sensitivity (e.g., References 3, 4) from a theoretical standpoint.

However, for purposes of model matching where the solution at times
t ﬁ O is essentially determined only by the response to continuous ran-
dom inputs rather than by the initial values of z, i, ++s the singularity
at t = 0 is of no practical significance (see Reference 4). It is pre-
supposed that we are dealing with stable systems where the effect of the
initial state subsides rapidly.
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This analysis will be concerned with the error inherent in the
approximation (3) and with the accuracy of A-values obtained by the
solution of (5).

COMPUTATIONAL METHOD

The parameter adjustment program to be used in approximating A by
the steepest descent technique is illustrated in Figure 1. The sensi-
tivity equation (6) requires the term -'z'0
obtained by differentiation of io, This term is available in the cir-

cuits representing the model equation. The differentiation requirement

as driving function which is

cannot be circumvented.

An alternative scheme can be devised which contains a term Az in
the model equation thus solving (2) rather than (1) as shown in Fig-
ure 2. The A-term can be obtained, as before, by model matching ad-
Jjustment in accordance with (5). However, the introduction of the
feedback term AZ generated by explicit differentiation has caused diffi-
culties in practical computer operation. Direct solution of (2) by more
conventional programming is unsuitable for cases where \ approaches zero

(see also Reference 5).

X ~-Ke, U
> System S+ f |
Ay
> Model <—
d Zo Sensitivity Un
dt Equation

Figure 1. Computer Program for Determination of )‘l
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A third scheme (Figure 3) has been devised which generates z by implicit
differentiation. This program is based on equation (2) rewritten in the
form

z+(\-1)Zz +2 + By 2 =B, X (t) (2a)

The amplifier generating Z becomes in effect & high gain amplifier for

A = 0. Therefore the combination of amplifiers 1, 2 and integrator 3 per-
forms the function of an implicit differentiator. It is noted that the
transition from zero to finite values of A is automatic when the human pilot
response requires representation by the higher order model equation.

Corresponding computation schemes apply to transition from nth to

(n + l)?t order models.

The proposed computation process, Figure 1, permits ihe evaluation of
the effect non-zero A values on the matching error € without physically in-
cluding a A feedback circuit. As discussed in Reference 1 the \-adjustment
can be performed in open-loop manner and the approximate result Xl intro-

duced into the error term, viz.

el = eo + Xl uX

for observation of potential accuracy improvements.

To Parameter

. U: [ Computer
z -Z

Figure 2
To Paramefer
, ,: pA Computer
Figure 3

Alternate Computer
Programs for Small A




9350.6-156
Page 6

ANALYSIS OF APPROXIMATION ERROR

As in Reference 2 this analysis will be based on the simple case of

a purely sinusoidal excitation signal

x(t) = C sin at

Using the notation X, Z, ZO’Zl 2 Uy, El s »o o fOor the Laplace transforms of

the respective variebles we obtain from (1), (2) and (k)

2 - B2 - a
X As +s+sl lb)\sz+bs+l
ZO - [
X bs + 1
Ux - . ab sz
X (b8 +1)¢
vhere a = BZ/Bl, b = l/bﬁ
Hence the approximation error
el=z-zl=z-zo-ku)\
is expressed by
B a s ab ) s°
X -z + 2
bas” +b s + 1 bs +1 (bs + 1)

For convenience of analysis this equation is normalized by the
notation

E
v = -j:'_— = - normalized error transfer function
M= -‘g—-— - normalized excitation frequency where
1 61 is the cutoff frequency of the model

transfer function (9)

(8)

()

(10)

(1)

(12)
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XBl = %? = - normalized small parameter
xl
Xlsl == =M - normelized epproximetion of A obtained
by solution of eq. (5)
o = %— - normalized Laplace operator
1

This results in

1l +0 -1 02
v - L - 2 (13)
l+0+u0 (L +0)
v o= ¥V, (u) - Yy ()

Frequency response locl of the terms V. and vz are plotted in

Figure 4 to show the approximation error v fir several values of the
parameter p. For small frednencies N0 ... 0.4t) and small u (0 ... k)
the approximation is quite satisfactory but the error increases rapidly
as ]vll approaches a peak value near the critical frequency ¥ = 1/{11_,

i.e., = Val/x.

The best estimate for p obtainable by solving equation (5) cen be
determined graphically by means of the loci 1) = const in Figure 4. The
error A in the parameter value By thus derived is plotted versus fre-
quency ¥ in Figure 5a. The corresponding minimum of rvl is plotted in
Figure 5b. For frequencies of interest in human pilot models(w'g 5 rad/
sec) and a typicél parameter value Bl = 50 rad/sec, i.e., for q < 0.1,
these results show that xl will be determined with an error of less than
10 percent for A < 0.0k (u < 2). The output amplitude error of z)
than 1 percent under these conditions. For w = 10 rad/sec (r;- 0.2) the
error in )\ increases to 30 percent while the amplitude error is still only

is less

1 percent. As the frequency increases, the parameter values u which per-
mit a satisfactory approximation by this technique decrease sharply, as
shown in Figure 5a. The accuracy of the technique is comparable to the

analogous approximation of time delay 7 discussed in Reference 2.
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DISCUSSION

The above analysis bas shown that small parsmeter values A can be
approximated with acceptable accuracy in the vicinity of A = O when the
model equation is subject to a low frequency sinusoldal excitation signal.
Theoretical considerations concerned with a singular point at t = O do not
cause practical problems since the parameter identification process takes
place over a time interval when the effect of initial conditions has sub-
sided. The model parameters reflect the dynamic response of the system
under continuous excitation x(t).

If the excitation x(t) is a random signal rather than a sinusoid the
results of this simplified analysis can be used to estimate the approxima-
tion accuracy for A for given input bandwidths.

Although this discussion has been restricted to a first order model
with a missing second order term the analysis can be readily extended to

higher order problems and will probably yield errors of comparsble magni-
tude.

On the basis of the above analytical confirmation of the approximation
method experimental evaluations of missing higher order terms will be in-
cluded under Task 2 of the study program.
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1. Objective

The parameter optimization strategy currently used for identifica-
tion of human pilot parameters (References 1, 2) is based on approximate
gradient techniques for finding the minimum of the error criterion F = F(€).
In this program the definition 6f gradient components during continuous
adjustment of the model parameters is not mathematically rigorous. The
error sensitivities al"/bc:x1 are defined only when the parameters a1 remain
time-invariant. If the parameters are adjusted very "slowly," i.e., at
rates much below the frequency characteristics of the system in question,
an acceptable approximation of the gradient is obtained, suitable for a
steepest descent optimization strategy (Reference 3). Inability to de-
fine and adequately approximate the gradient causes problems when the
adjustment rate is significantly increased to obtain rapid convergence
of the parameters to their optimum values.

A second but equally important problem stems from the fact that in
the present adjustment strategy the parameter adjustments do not feed
back instantaneously to the model output, the point at which the model
matching error ¢ is detected and the error criterion F(€) is formed.

The parameter adjustments Aa1 pass throngh several stages of 1ntegntipn
before affecting the error criterion. In a second order model, e.g.,

the parameter variations are integrated twice before producing the corre-
sponding variation AF as illustrated in Figure 1. The loop is closed
through a third integretor.
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Human y
X —>» P/lot

X t— Fee

—> oy Model Eguation

Figure 1., Current Parameter Adjustment Program
vith Time-Iag in Formation of F(¢)

This can cause stability problems in the parameter adjustment
loops, unless the adjustment circuits are designed with care to have
appropriate gain and phase lead characteristics. In view of the highly
nonlinear character of this feedback system the analysis of stability

‘and convergence characteristics is difficult and has not been performed

in the genefal n-parameter case, The choice of the adjustment gain and
stabilization net\tork on the computer is usually derived on an experi-

mental basis and must be adapted to varying operating conditions of the
system being modeled.

The objective of the modified adjustment strategy is to minimize
these problems inherent in the present model matching program. The
nev program eliminates the problem of inexact mathematical definition of
cradienf. components arising from rapid parameter adjustment, since the
error criterion F(¢) is no longer a "functional" of the parameter varia-
tion time history but is defined as an algebraic (linear) function of
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the parameter increments Aai. The gradient
oF
(Sxdl ’ 3602’ ".FAG—) ‘ . ) (1)

" therefore is alvays rigorously defined during the adjustment process.

The error criterion,- furthermore, responds instantaneously to the @, -
adjustment which minimizes the stabilization problem of the adJustnqnt
loop. As a consequence the compuf.er equipment and proirming require-
ments and the experimental effort in optimizing the gain and phase char-
acteristics of the adjustment circuitry Q.re alleviated. Also the progri!
is more amenable to analysis of stability and convergence charsacteristics.

2. DModified Optimization Program

The nev optimization strategy is formulated as follows. The model
equation and the sensitivity equations are solved at the original opera-
ting point ao in the parameter space yielding results Z and Uy This
solution is imbedded in a fmily of solutions obuinablo for different

fixed parameter settings (see Figure 2). This family can be approximated .

by extrapolation as follows:
T1= %y +uy A 4+ up Ay + .o (2)

Thus the parameter variations AQ obtained by the steepest descent method
are used only to extrapolate from the "parent solution" Zy to members of
the family of solutions in wvhich z, is imbedded, 'I‘h:lc eliminates the
mathematical difficulty of characterizing = as 'a function of the adjust-
able paremeters @ and defining the partial derivatives a:/aai. The par~
tial derivatives 3z/ac and hence 3F/3a are rigorously defined st all
times.

ﬁocﬁor notation @ = (a,_, &) ves)
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Figure 2. Extrapolated Solutions z

of Parent Solution zo

1 in Vicinity

In addition, the variation of the instantaneous model matching
error with & variation does not contain dynamic time lags so that in-
~ stantaneous improvement of the error criterion can be obtained in the
optimization process. Mathematically, the only approximation error to
contend with is the extrapolation error as one departs further and
further from the original operating point c'io. This means that several
iterations may be required to attain the optimum, depending on the
amount of total parameter correction. Each iteration proceeds to the
best parameter values attainable within the family of extrapolated
solutions in the vicinity of 29 (l) (2) sos @tc. It is anticipated
that only fev iterative steps m required in most cases of interest.

L I , , _

The nev strategy is inherently related to the "open loop" tech-

nique described in Reference kb but focuses more directly on the im-
bedding of the parent solution vithin adjacent solutions.

3. Discussion

To explore the modified optimization program further it will be
necessary to perform an experimental model matching study and to compare
this vith results of the present aAJuutmnt strategy. An indication of
the feasibility and usefuiness of the method can be gained by the pre-
liminary "open loop" optimisation experiments described in Reference b
(-u‘ Figure k), In this case tvo paremeters of @ second order system

¥ Illustrated in Pigure 3.
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vere adjusted to their (known) correct values in l, 2, or 3 steps of
iteration, depending on the initial error. It was showvn that there
exists a sizable area in the parameter space in the vicinity of the opti-
mum in which a one-step optimization is sufficient. Extension to more
complex linear and nonlinear models is iatended.

Equipment savings can be realized by the nev strategy through elimi-
nation of the lead compensation term qé in the criterion function, which
also eliminates the terms qdi in the adjustment equations used previously,

A, = -];(c fqe) (u1 +qu1) - (3)
This simplification has the desirable effect of eliminating differentiation
‘circuits for € and some of the 61 in the computer program.

In cases where repeated iterations are required the program calls for
‘automatic sequencing equipment to hold, reset, and operate the adjustment
circuits. Since adjustment rates can be stepped up‘it is anticipated that
the overall time for parameter determination can be reduced even with
several iterations x"equired. Under favorable conditions when iterations
are unnecessary due to good initial estimates of the pq.raneter' settings,
all multipliers for parsmeter adjustment in the model equation and sensi-
tivity equations can be eliminated along with the sequencing equipment,
and the time savings vill be very significant. ’
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[ EVALUATION OF DISPLAY SENSITIVITY BY HUMAN OPERATOR MODELS

INTRODUCTION AND SUMMARY

The objective of this preliminary study was to determine the effect of display charac-
teristics upon the parameters of the human operator's dynamic response model. The initial
hypothesis was that changes in display characteristics would affect the operator's model
without affecting the performance error. If it could be shown that parameter values of the
model do change, implying a variation in operator effectiveness, this analysis would be
useful for display evaluation.

To test the above hypothesis, displsy sensitivity was used as a change in display
mode. Three conditions were initially planned, 1) viewing a CRT through an eyepiece so
that the field-of-view would be 60° and one degree of signal deflection would subtend a
visual angle of one degree at the eye, 2) viewing a CRT at a distance of 28 inches where
the display sensitivity waé the same as that of the Lear-Siegler Attitude Indicator, and
3) utilization of the Lear-Siegler Attitude Indicator as the display viewed from a distance
of 28 inches. The last condition was deleted since it was realized the dynamic response

racteristics of the display would have to be analyzed before application of model match-
ing.

In analysis of root-mean-square error in tracking performance, no significant differ-
ence was found between the two display sensitivities. The data were then analyzed by model
matching utilizing a first-order model formet. A trend was shown in the operator gain
parameter which was statistically significant at the 10% level. With the less sensitive
display the operator lowered his gain. Thls indicates that the operator lowers‘his cross-
over frequency implying that the task is more difficult.

The conclusion of this experiment 1s that the analysis'of operator dynamics in relation
to display dyﬁamics is not only a novel but a valid display evaluation technique. This
study also implies that the differences in display effectiveness may be attributed to differ-
ences in the dynamics of the display and not display formats. The next step in such a pro-
gram would be to determine the effect of display format and redundant cues upon the operator's

dynamics,

METHOD

The task utilized to test the hypothesis was a compensatory tracking task with a random
forcing function input. A block diagram of the task arrangement is shown in Figure 1. The
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The forcing function was generated by a random noise generator. This signal was filtered by
a third order filter with a cutoff frequency of 0.33 rad/sec. The RMS amplitude of the in-
put signal averaged 15.1 o/sec. The task dynamics was second order with a single lag time
constant of 0.5 secs and a gain of 1.09 rad/sec per radian of stick deflection. The display
element was a horizon line and tracking was in the vertical axis corresponding to pitch de-
flection. A fingertip controller was used with the shaft of the controller in a horizontal
position. Maximum displacement of the controller was + 270. Upward movement of the con-
troller corresponded to pitching up, therefore the horizon would drop, representative of an
inside-out display.

For the out-of-the-window display sensitivity a 5" CRT was viewed through an eyepiece.
The eyepiece allowed the CRT face to appear at infinity and cover a field of view of 600.
One degree of pitch deflection was represented by one degree deflection of the horizon line
viewed through the eyepiece. Hereafter, this sensitivity will be referred to as a sensi-
tivity of 1. The attitude indicator sensitivity was obtained by measuiement of the visual
angle of a given horizon displacement from a distance of 28". This sensitivity was 0.071
rees per degree of pitch deflection. Therefore the attitude indicator was 1U4 times less

sensitive than out-of-the-window viewing.

Four experimental subjects were used in a full factorial design. Each subject was
given 20 replications of the 1 sensitivity in two sessions. The last four runs of the
second session were used for date analysis and the last two were recorded on FM tape for
enalysis by model matching. After the subjects had received the 1 sensitivity condition
they received 10 replications of the 0.071 sensitivity condition in two sessions. Again

the last four runs were used in the data analysis and the last two were recorded on FM tape.

The subjects were instructed to minimize the error. They were given feedback on their

performance error between replications. The length of each run was 2-1/2 minutes.

The model parameters were obtained by the parameter optimization technique as developed
by Bekey, Meissinger and Rose (Reference 1). The model format was a first order differential

equation as follows,

Z + Blz = Bz X + B3 X

where z is the model output and x is the error input. This equation can be rewritten in
‘e transfer function form
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(Tz s+1)

where K? is the operator's gain, Tl is the lead time constant, and T2 is the lag time
constant. The modified absolute value error criterion was used for the parameter

optimization (Reference 2).

RESULTS

The root-mean-square error was used as the performance criterion for the experiment.
The average values across four replications for each condition and subject are given
in Table 1. In order to test the significance of the data an analysis of variance test
was administered. The design for the test was a treatment by subjects with withih-cell
‘lication. This analysis is shown in Table 2 for the four replications. The only
significant variation in the scores is between subjects. The 10% significant interaction

between display sensitivity and subjects was probably due to one subject not having suffi-
cient training.

Another analysis of variance test was conducted for only the two replications that
were recorded on FM tape. This test would allow comparing the significance of the error

scores with the parameter values from the model matching. This analysis 1s shown in
Table 3.

The average value of each parameter over a 120 second period was determined from the
model matching results. A power match to determine how much of the model accounted for
stick output was calculated by

sS e at
1- 7=
s fy%at ,
where e 1is the matching error and y is the stick output. This was calcuated for selected
‘\s where the parameter values were held constant at their average value. This match
ranged between .70 to .85 of the stick output. The parameter values are given in Table 4.

An snalysis of var;ance was conducted for Kb, Tl’ and T_,. This analysis is presented in

2
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Table 5. This shows that for the operator's gain there was a significant difference between
sensitivities at the 10% level. For the lag time constant the interaction term was signifi-
cant at the 10% level. In observing the parsmeter values in Table 4 there is a lower oper-

ator gain associated with the 0.071 display sensitivity; The interaction in the lag time
constant enalysis was probably due to insufficient training in one subject.

TABIE. 1.

RMS Error Scores Averaged over Four Replications
for Each Subject and Display Sensitivity

Display Sensitivity s Sub ject
1 2 3 4
1 30.1 18.2 27.2 22.3
'O"(l ‘ 27.2 21.3 27.8 21.8
TABLE 2.

Analysis of Variance for Four Replications of RMS Errors

ss Dof F M S F
Displey Sensitivity 2 1 2 0
Sub jects 43284 3 14426 11.7**
Interaction 3691 3 1230 2.54#
W 11642 24 485

** Significant at 0.05 level
% Significant at 0.10 level
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TABLE 3.

Analysis of Variance for Two Replications of RMS Error Score

SS Dof F MS F
Display Sensitivity 121 1 121 0.15
Subjects 26826 3 8ok2 1.5
Interaction 2327 3 176 1.28
W 4855 8 607
TABLE 4.

Average Parameters for Each Subject and Display Sensitivity

K T T
P 1 2
Operator Gain Lead Time Constant Lag Time Constant

(rad of stick{ad of 9)
1.00 Sensitivity '

S1 L.42 0.099 0.049
S 2 2.62 0.039 0.032
83 3.93 0.106 0.032
Sk 1.78 - 0.008 0.02k4

0.071 Sensitivity

s1 2.61 -0.022 0.0k2
s 2 2.37 0.01k 0.036
53 2.34 0.108 0.036
sS4 1.41 0.0% 0.03k4

*¥ Significant at 0.05 level
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TABLE 5
Analysis of Variance of the Parameter Values of the First Order Model

Source Sum of Squares Degrees of Freedom Mean Square F Ratio
Kp (Operator Gain) |

Sensitivity L0602 1 Lo6o2 6.201"

Sub jects 84933 3 28311 4,324

Interaction . 19640 3 6547 332
' 157689 8 19711

T, (Lead Time Constant)

Sensitivity 341 1 - 341 _ 0.049

Subjects 13621 3 ksho 0.653

Interaction 20845 3 63u8 0.967
w 57505 8 7188

T, (Lag Time Constant)

Sensitivity : 39

1 39 0.70
Sub jects 550 3 197 3,54
Interaction 167 3 56 3.84"
w 116 8 15

*
Significant at 0.10 level
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CONCLUSTIONS

The display gain can be reinterpreted as a change in the control system gain along
with an equal change in the forcing function input. If the control system gain is lowered
it would be expected that the operator would raise his gain to compensate for it. However,
in this circumstance, where the forcing function input's gain is decreased by the same
amount, the operator decreases his gain. This indicates that he is operating at a lower
crossover frequency with the less sensitive display.

An explanation for the operator lowering his gein with the less sensitive display is
that the task is more difficult. This difficulty would be reflected in the RMS error if
the bandwidth of the input forcing function had been larger. * Interpretation in terms of
information theory would be that the information transfer rate is lowered with the less
sensitive display.If the operator's task is separated into percéptual, central and motor
processing which are serial then the lowering of the transfer rate has to occur in only
one of these processes. The most obvious is the perceptual which.can be explained by a

isual displacement threshold, i.e. the capability of the operator to percéive g displace-
‘ t of the horizon line from the center line of the CRT. If it is assumed that the oper-
ator acts primarily on displacemeht and if he has an absolute displacement threshold for
the display format utilized in this experiment, then he would act upon lower angular dis-
Placements in the display with the larger gain and thereby increase his gain or informa-
tion transfer rate. This theory could be validated if a linear model with a nonlinear
threshold term was utilized in the model matching instead of first order linear model. It

would have to be determined if the threshold value and/or linear gain, would remain con-
stant or vary. ‘

In either case the results of this preliminary study imply that determination of
human operator's models for analyzing display characteristics will provide quantitative
data from which display design criteria can be obtained.




2.

9352.42-5
Page 9

REFERENCES

Bekey, G. A., Meissinger, H. F. and Rose, R. E. "A study of model
matching techniques for the determination of parameters in human

pilot models. NASA CR-143, January 1965 or STL Report 8426-6006-

RUOCO, May 196k,

STL Memo 9352.2~6 "Preliminary report on mathematical models of
human response" by R. E. Rose, March 1965.



